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This study aimed to develop a new, complex pig manure treatment and ﬁltration process. The ﬁnal
scheme, called the AMAK process, comprised the following successive steps: mineralization with mineral
acids, alkalization with lime milk, superphosphate addition, a second alkalization, thermal treatment,
and pressure ﬁltration. The proposed method produced a ﬁltrate with 95%, 80%, and 96% reductions in
chemical oxygen demand, nitrogen content, and phosphorus content, respectively. An advantage of the
proposed method was that it incorporated a crystalline phase into the solid organic part of the manure,
which enabled high ﬁltration rates (>1000 kg m2 h1) and efﬁcient separation. The process also
eliminated odor emissions from the ﬁltrate and sediment. The treated ﬁltrate could be used to irrigate
crops or it could be further treated in conventional biological wastewater treatment plants. The sediment
could be used for producing mineral-organic fertilizer. The AMAK process is inexpensive, and it requires
low investment costs.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The pig manure produced by intensive pig farming has negative
effects on the environment. The nitrogen and phosphorus com-
pounds in the manure contaminate the soil and bodies of water.
Stored manure generates odor, primarily due to the anaerobic
decomposition of proteins (De la Torre et al., 2000). The chemical
composition of pig manure depends on many factors, including the
type and age of the animals and the feeding method (Sanchez and
Gonzalez, 2005). Manure is a two-fraction mixture of urine, feces,
and water. The liquid fraction principally contains nitrogenous
compounds (including ammonia, ammonium compounds, ni-
trates), and organic matter (Bertora et al., 2008). The solid fraction
principally contains phosphoric compounds, which mainly occur in
inorganic form (74e87% of the total P content) and organic com-
pounds (Lens et al., 2004). The nitrogen content of pig manure
determines its value for fertilization (Fangueiro et al., 2012, Rulkens
et al., 1998). However, the farmland area that uses pig manure for
fertilization is decreasing in size, and there are problems with
managing this waste (Basset and van der Werf, 2005).
Manure must be separated into solid and liquid fractions before
it can be treated and utilized. Many pig slurry separation tech-
niques inﬂuence the characteristics of N in the resulting liquid andra).
Ltd. This is an open access article usolid fractions, which may alter its potential availability to plants
(Fangueiro et al., 2012). The simplest technology, physical separa-
tion, can remove up to 80% of the total solids from livestock ma-
nures (Hjorth et al., 2010, 2008; Melse and Verdoes, 2005). Current
separation processes have some limitations. The biggest problem is
the rather high investment and processing cost (Burton, 2007). By
treating pig manure with ﬂocculants before separation, the ﬁltra-
tion efﬁciency was signiﬁcantly improved (Perez-Sangrador et al.,
2012). Walker and Kelley (2003) evaluated the efﬁciency of pig
slurry separation by gravity settlement before and after the addi-
tion of polyacrylamide (PAM) ﬂocculants followed by screening.
These resulted in removing constituents from the liquid fraction
with following removal rates: 73% of total solids (TS), 87% of volatile
solids, 71% of chemical oxygen demand (COD), 40% of total Kjeldahl
nitrogen (TKN), and 34% of soluble phosphorus. Chelme-Ayala et al.
(2011) treated pig manure with a physical-chemical treatment that
included coagulation, ﬂocculation, and sedimentation, followed by
an oxidation step as a polishing treatment performed at the bench-
scale level. That process resulted in an 82% reduction in the initial
NH3 and a 78% reduction in the initial total organic carbon.
The BIOSORTM-Manure bioﬁltration process (Buelna et al.,
2008) for treating pig manure maintained the following overall
pollutant removal rates: >95% of BOD5, >97% of suspended solids
(SS), >84% of TKN, and >87% of P, despite strong variability in BOD5
(10e20 g L1), SS (10e20 g L1), TKN (2.0e3.8 g L1), and P
(0.5e0.9 g L1). This process also eliminated >80% of the odor in-
tensity from production units and from manure storage.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tested on a pilot scale, included anaerobic digestion, ammonia
stripping, ultraﬁltration, and reverse osmosis, and its operational
costs were high. This process could achieve ammonia removal ef-
ﬁciencies of up to 99.9%.
The SELCO-Ecopurin (Martinez-Almela and Barrera, 2005) sep-
aration technology has been used for ﬁve years on 12 livestock
farms in Spain, Italy, and the USA. The high recovery of solids
(>90%) made it economical to use advanced puriﬁcation techniques
for the liquid. Karakashev et al. (2008) tested different processes for
reducing organic matter in pig manure. In their ﬁnal scheme
(PIGMAN concept), the following successive process steps were
implemented: thermophilic anaerobic digestionwith separation by
decanter centrifugation; post-digestion in an up-ﬂow anaerobic
sludge blanket UASB reactor; oxygen-limited autotrophic nitriﬁ-
cationedenitriﬁcation process OLAND. This combination of steps
reduced the ﬁltrate contents of total organic matter by 96%, nitro-
gen by 88%, and phosphorus by 81%. This ﬁltrate could be sub-
mitted to further cleaning treatments, or could also be directly used
to irrigate crops.
After pig manure separation, the solid fraction can be used as an
organic fertilizer or to generate power in biomass incineration
plants and agricultural biogas generators (Hjorth et al., 2010;
Ndegwa, 2001). The liquid products of the separation process can be
treated further with evaporation, membrane ﬁltration, or ammonia
stripping; however, to date, no low-maintenance and/or cost-
efﬁcient applications of these post-treatments have been demon-
strated (Møller et al., 2000). Melse and Verdoes (2005) described
microﬁltration of the centrifuged ﬁltrate. Fugere et al. (2005)
described nanoﬁltration to treat the overﬂow from settling pro-
cesses. With these approaches, 33% of the initial crude slurry vol-
ume was obtained, and the ﬁnal permeate was suitable for reuse as
sanitary, safe industrial water. Ledda et al. (2013) studied nitrogen
and water recovery from animal slurries with a process that inte-
grated ultraﬁltration, reverse osmosis, and cold stripping. Pieters
et al. (1999) also implemented reverse osmosis at the farm scale.
Jørgensen and Jensen (2009) investigated the chemical and
biochemical properties of solids collected from 47 commercial pig
manure slurry separation plants that separated liquid manure into
a nutrient-rich solid fraction and a nutrient-poor liquid fraction.
The samples originated from ﬁve different types of separation
technologies that processed pig manure and anaerobically digested
manure. The largest variations found in the measured chemical and
biochemical characteristics of the samples were the contents of ash,
total P, total C, the SS, and the C distribution in the biochemical
fractions.
The present study aimed to develop a new pig manure treat-
ment and ﬁltration process. Previously, a method was proposed
that attained a removal efﬁciency of approximately 90% for COD,
>99% for TS, and up to 47% for TKN (Kowalski et al., 2013c, 2012,
2014). The mineralization process eliminated ~75% of the odor in-
tensity of the pigmanure. However, a disadvantage of this elaborate
method was that the P content was increased in the ﬁltrate,
reaching 5e6-fold of the content in raw pigmanure (Kowalski et al.,
2013c). The goal of the present study was to develop new complex
mineralization and ﬁltration process allowed eliminating the
phosphorus content in the ﬁltrate and improves the COD and N
removal efﬁciency, and decreasing odor emission by selecting the
most advantageous parameters in the treatment process.
2. Materials and methods
2.1. Characteristics of pig manure
For this study, we usedmanure from a pig farm located near Piła,Poland. Previous studies (Kowalski et al., 2013a, 2013b, 2014)
analyzed pig manure collected between June 2011 and May 2012
from this farm. The farm produced piglets intended for fattening at
other pig farms, and sows were maintained for renewing the stock.
The averagemonthly livestock statistics were as follows: 1101 sows,
64 gilts, 2536 sucking piglets, 140 weaned piglets, 200 shoats, and
160 porkers. The total number of pigs was 4201. Pig manure sam-
ples were collected from a drainpipe that carried slurry from the pig
farm to a lagoon. For the treatment process, two representative 10-
L samples of pig manure were marked “rawmanure A” (sampled in
May 2012) and “raw manure B” (sampled in June 2012). A total of
150e230 g of manure was processed in one batch. The “raw pig
manure A” contained 11.5% TS and 8.65 g L1 TKN,117.25 g L1 COD,
and 2.42 g L1 P. The “raw pig manure B” contained 9% TS and
5.25 g L1 TKN, 92.25 g L1 COD, and 1.36 g L1 P.
2.2. Methods for removing organic matter, nitrogen, phosphorus,
and odor
After stirring, the samples were diluted with water to achieve a
TS content of 2%e10% (Table 1) (Kowalski et al., 2014). Next, we
added 75% technical grade phosphoric acid (Brenntag, Ke˛dzierzyn,
Poland) and 95% technical grade sulfuric acid (KGHMMetraco S. A.,
Legnica, Poland) to the manure samples to obtain pH values of 5.5
and 3.0, respectively. Next, the slurry was alkalized with a 10%
solution of lime milk (calcium hydroxide solution contained 10% of
CaO, produced from technical grade, 95% CaO; Lhoist SA., Poland),
to obtain a pH from 9.0 to 10.5; then, we added superphosphate
(Luvena SA., Lubon, Poland) in amounts that comprised 3%e8% of
the initial manure weight (Table 2) and the mixture was again
alkalized with lime milk to obtain a pH from 9.0 to 10.5 (Table 3).
The processed slurry was heated for ~50 min at ~90 C, and ﬁltered
with a pressure ﬁlter under pressures up to 0.3 MPa, at 70e75 C.
For the laboratory tests, we used a Sartorius AG pressure ﬁlter
(Goettingen, Germany), with a volumetric capacity of 2 L. In the
ﬁltrate we determined the ﬁltrate pH, COD load, N and P content.
We also determined the sediment moisture content and chemical
composition, and we conducted elementary analyses of sediment P,
Ca, Mg, S, K, N, C, and H contents (Kowalski et al., 2013a, 2013c,
2014).
2.3. Analyses
For the Kjeldahl method of nitrogen determination, we used a
DK6 mineralizer. We determined the phosphorus content with a
nanocolor UV/VIS spectrophotometer. Samples were mineralized
for COD determination with an M-9 mineralizer. To determine the
Ca, K, Mg, P, and S contents in the sediment, we used an inductively-
coupled plasma atomic emission (ICP-AE) spectrometer OPTIMA
7300 DV (Perkin Elmer, Waltham, MA, USA). The C, H, and N con-
tents were determined with a PE 2400 analyzer (Perkin Elmer,
Waltham, MA, USA). We determined the phase composition of the
sediments with a Bruker AXS D8 Advance diffractometer (BRUKER
AXS, Inc., Madison, WI, USA). With the Rietveld method and the
semi-quantitative analysis software package, RayﬂeX Autoquan,
version 2.6 (Taut et al., 1998) we determined the contents of the
crystalline and amorphous phases We performed microscopic an-
alyses of the sediments with a Hitachi TM 3000 electron micro-
scope. The chemical composition of the pig manure was
determined in accordance with Polish standards for the examina-
tion of waste and fertilizers (Polish Standard, 2006, 2001a, 2001b,
1993). The microbiological analyses were conducted in accor-
dance with the Polish standard (2003). The odor intensities were
measured in the gases sampled from the pig manure before treat-
ment and from the ﬁltrates and sediments obtained after treatment
Fig. 1. Variations in the COD, N, and P concentrations in manure. (a) Concentrations in
ﬁltrates from manure with different total solid contents. (b) COD, N, and P removal
efﬁciencies as a function of the total solid content in diluted raw pig manure.
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et al., 2015).
2.4. Calculations
Calculations of COD, N, and P removal were based on mass
balances, given the mass and volume of the efﬂuents and the
concentrations and loads of COD, N, and P in the efﬂuents and in the
raw pig manure. The removal efﬁciency RE (%) was calculated as
follows:
RE ¼ ðLA  LBÞ=LA$100 (1)
where LA is the load (in g) of the COD, N, and P in the sample of raw
pig manure and LB is the load (in g) of the COD, N, and P in the
ﬁltrate.
Values ± SD marked in all tables and ﬁgures represent the
average values ± SD: standard deviation calculated for duplicate
analyses.
3. Results and discussion
3.1. Obtaining ﬁltrate with controlled quality parameters
To obtain a high-quality ﬁltrate, the pig manure treatment
process should be properly controlled. We examined whether the
total solid (TS) content in raw pig manure and the quantity of su-
perphosphate and lime milk added during treatment might inﬂu-
ence the concentrations of COD, N, and P in the produced ﬁltrate.
3.1.1. Inﬂuence of total solids of raw pig manure in the ﬁltrate
composition
Our “raw pig manure A” sample contained 11.5% TS and
8.65 g L1 TKN, 117.25 g L1 COD, and 2.42 g L1 P. Samples were
diluted with water to different TS contents (Table 1) and treated
according to the method described in Section 2.2. Superphosphate
was added in amounts that equaled 4% of the raw manure weight.
The results (Table 1) showed that dilution of the TS could in-
crease the ﬁltration rate of treated manure. The highest ﬁltration
rate (3700 kg m2 h1) was observed when the TS content was
2e3%. The ﬁltrate obtained frommanure with 2% TS had the lowest
pH (4.7). Filtrate samples from manure with 7e10% TS had pH
values > 8.
Fig. 1 shows that the COD, TKN, and P contents decreased with
dilution of the manure. The COD removal efﬁciency was 87e97%.
The TKN removal efﬁciency was 53e88% and the P removal efﬁ-
ciency was 99.7e98.3%.
We concluded that a 4% TS content was the most advantageous
for pig manure treatment, due to the high ﬁltration rate
(2200 kg m2 h1) and the high COD, P and N removal efﬁcienciesTable 1
Inﬂuence of total solid (TS) content in raw pig manure on the ﬁltration rate.
Amount of raw pig
manure (g)
TS content (%) pH pH of manure after
alkalization
231 2 7.9 10.5
231 3 7.9 10.5
230 4 7.8 10.5
231 5 7.8 10.5
231 6 7.8 10.6
230 7 7.8 10.5
230 8 7.9 10.5
230 9 7.9 10.4
230 10 7.8 10.5(95%, 97%, and 80%, respectively). Note that the raw manure can be
diluted with recycled ﬁltrate (Fig. 6) or with water.3.1.2. Inﬂuence of superphosphate added to pig manure in the
ﬁltrate composition
Our “raw pig manure B” samples contained 9% TS, 5.25 g L1
TKN, 92.25 g L1 COD, and 1.36 g L1 P. Different amounts of su-
perphosphate (Table 2) were added to the samples before pro-
cessing according to the method described in Section 2.2.Filtration products (g) pH of ﬁltrate Filtration rate
(kg m2 h1) ±SD
Sediment Filtrate
41 185 4.7 3600 ± 250
57 176 5.0 3700 ± 250
66 177 5.7 2200 ± 150
76 166 7.2 1000 ± 100
81 180 7.6 1200 ± 100
103 170 8.0 950 ± 60
120 149 8.2 650 ± 50
128 149 8.5 600 ± 50
147 131 8.4 500 ± 50
Fig. 2. Variations in the COD, N, and P contents in pig manure with different amounts
of superphosphate added. (a) Concentrations in ﬁltrates from manure with different
superphosphate contents. (b) COD, N, and P removal efﬁciencies as a function of su-
perphosphate content in treated pig manure.
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with the addition of 4e7% of superphosphate. Superphosphate
addition also resulted in changes in the pH (7.4e4.7). The highest
pH (7.4) was observed in ﬁltrates obtained from manure that
received the lowest (3%) amounts of superphosphate. It was stated
that decrease of TS to superphosphate ratio decreased pH of ﬁltrate.
Fig. 2 shows the changes in COD, TKN, and P with the addition of
superphosphate to the manure. The removal efﬁciency of COD
(95.9%e96.9%) showed very little sensitivity to superphosphate.
We concluded that 4% superphosphate content was the most
advantageous for pig manure treatment. At this content, the
ﬁltration rate was relatively high (950 kg m2 h1) and the COD, P,
and N removal efﬁciencies were 83%, 97%, and 60%, respectively.
3.1.3. Inﬂuence of the ﬁnal pH of treated manure in the ﬁltrate
composition
According to the treatment process described in Section 2.2, the
slurry was alkalized with varying quantities of a 10% solution of
lime milk to achieve various pH values (Table 3), which were
maintained in the ﬁrst and ﬁnal alkalizations. Superphosphate was
added at an amount equal to 4% of the weight of the raw manure.
The results showed that, as the ﬁnal pH of the manure increased,
the ﬁltration rate increased. The highest rate (2000 kg m2 h1)
was obtained when the alkalized pig manure was at pH 10.
The removal efﬁciency of COD (96.0%; Fig. 3) showed little
sensitivity to pH. The removal efﬁciency of N (68.3%e76.3%)
increased slightly at higher pH values. The ﬁnal pH had a sub-
stantial inﬂuence on the content of P in the ﬁltrate. The removal
efﬁciency of P ranged from 45.8% (pH 9.5) to 94.7% (pH 10.5). Only
the ﬁrst ﬁltrate sample (Table 3) had a higher amount of P
(2.67 g L1) than that in rawmanure (1.36 g L1) due to solubility in
water of calcium phosphates obtained at this pH, what conﬁrmed
results from (Kowalski et al., 2013a, 2014).
We concluded that a ﬁnal pH of 10.5 was themost advantageous
for pig manure treatment. At this pH, the ﬁltration rate was rela-
tively high (900 kg m2 h1), and the COD, P, and N removal efﬁ-
ciencies were also very high (96%, 95%, and 76%, respectively).
The ﬁltrates obtained from the slurry with the largest additions
of lime milk were clearest, and they had a lustrous light straw color
at ﬁnal pH 10.5.
3.1.4. Characteristics of sediment and ﬁltrate obtained with
advantageous process parameters (AMAK process)
The above testing showed that a ﬁltrate of optimal quality was
produced with treated manure that contained 4e5% TS. The su-
perphosphate should be added to equal 4% of the weight of the raw
pig manure. The lime milk added to neutralize the manure should
increase the pH to 10.5. We called this combination of parameters
the AMAK process. The compositions of the sediments obtained
after this treatment and ﬁltration process are shown in Table 4.
The characteristics of the raw pig manure and the ﬁltrate ob-
tained after the optimal treatment and ﬁltration process are shownTable 2
Inﬂuence of the amount of superphosphate added to pig manure on the ﬁltration rate.
Amount of raw pig
manure (g)
Superphosphate
added (%)
pH pH of manure after
alkalization
231 3 8.0 10.5
231 4 8.1 10.5
231 5 8.0 10.6
230 6 7.8 10.5
230 6 8.1 10.4
230 7 7.7 10.5
231 8 8.0 10.5in Table 5. Our experiments showed that the parameters can be
regulated in the pig manure treatment process to obtain a ﬁltrate of
high quality.
The mineralization step in the AMAK process eliminated also
the emission of odors from the ﬁltrate and sediment. Even after 3
months, no odor emissions were detected from the ﬁltrates or
sediments (Makara et al., 2015, Sowka et al., 2013). According to
Petersen et al. (2012), emissions can be reduced by acidifying ani-
mal manure, which decreases ammonia emissions from slurry in
storage and in soil applications. In their study, the slurry pH wasFiltration products (g) pH of ﬁltrate Filtration rate
(kg m2 h1) ± SD
Sediment Filtrate
69 171 7.4 1200 ± 100
82 158 7.4 950 ± 100
74 181 5.7 2100 ± 150
85 177 5.0 2700 ± 200
76 179 5.0 2800 ± 200
82 181 4.7 4300 ± 300
105 163 4.7 2500 ± 200
Table 3
Inﬂuence of the pH of alkalized pig manure on the ﬁltration rate.
Raw pig manure pH of pig manure
after alkalization
Filtration products (g) pH of ﬁltrate Filtration rate
(kg m2 h1) ± SD
Amount (g) pH Sediment Filtrate
231 8.1 9.0 69 171 5.0 500 ± 50
230 7.9 9.5 82 158 5.6 750 ± 100
230 7.8 10.0 74 181 5.9 2000 ± 150
231 7.9 10.5 85 177 7.9 900 ± 100
231 7.9 10.4 76 179 7.5 1000 ± 100
230 7.7 10.5 82 181 7.8 900 ± 100
Fig. 3. Variations in the COD, N, and P concentrations in pig manure with different pH
levels after alkalization. (a) Concentrations in ﬁltrates from manure with different pH
levels. (b) COD, N, and P removal efﬁciencies as a function of pH after the neutralization
of treated pig manure.
Table 4
Characteristics of sediments after optimal treatment and ﬁltration process (AMAK
process).
Sample Moisture Element (% in dry mass)
N P Ca K Mg S C H
1 65.2 2.01 8.22 22.16 0.26 0.40 1.27 13.99 1.99
2 64.5 2.06 7.82 20.75 0.29 0.46 1.31 15.68 2.31
3 69.9 2.14 7.37 20.30 0.35 0.47 1.53 17.09 2.46
4 62.9 1.99 7.35 19.87 0.36 0.52 1.56 15.87 2.33
Table 5
Characteristics of raw pig manure samples and the ﬁltrates obtained with the
optimal treatment and ﬁltration process (AMAK process).
Parameter Unit Raw manure A Filtrate A Raw manure B Filtrate B
pH e 7.87 ± 0.11 7.44 ± 0.10 7.80 ± 0.10 7.88 ± 0.11
TS gL1 109.00 ± 4.5 nd 90.00 ± 3.6 nd
COD gL1 117.25 ± 10.8 5.50 ± 0.50 92.25 ± 8.50 4.47 ± 0.45
TKN gL1 8.65 ± 0.30 1.53 ± 0.04 5.25 ± 0.25 1.20 ± 0.05
P gL1 1.52 ± 0.05 0.08 ± 0.01 1.36 ± 0.04 0.05 ± 0.01
K gL1 2.42 ± 0.07 1.90 ± 0.06 2.13 ± 0.07 1.47 ± 0.06
Ca gL1 3.78 ± 0.05 0.28 ± 0.01 2.44 ± 0.04 0.17 ± 0.01
nd: not detected.
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sion by this process may also be a consequence that acidiﬁcation
reduces the activity of anaerobic microorganisms. The composition
of the slurry after storage indicated that the organic matter turn-
over during storage was inhibited by acidiﬁcation, most likely due
to the presence of acetate in combination with the low pH values
(Sørensen and Eriksen, 2009).
In the AMAK process, the aim of the treatment with mineral
acids was to transformmacro- andmicro fertilizer components into
forms that are bioavailable to plants. The mineral acids accom-
plished this by binding volatile organic and inorganic nitrogen
compounds and by hydrolyzing organic matter. Moreover, by
adding the acids in one stage and the lime milk (10% solution) to
alkalize the manure slurry in a different stage of the treatment
process, we eliminated pathogens (bacteria and parasite eggs). The
addition of a superphosphate balanced the N and P contents in the
sediment and increased the calcium phosphate content in the
slurry.
We did not detect Salmonella group bacilli (amount/L) or para-
site eggs (Ascaris sp., Trichuris sp., Toxocara sp.) (amount L1) in any
samples.
We performed semi-quantitative X-ray analyses to characterize
the phase contents in the sediments after AMAK processing (Fig. 4).
The results showed that the dried sediment mostly comprised a
crystalline phase (50e60%). The main component of the crystalline
phase was hydroxyapatite. Calcium sulfates and small amounts of
silica were also observed (Kowalski et al., 2014). The amorphous
phase comprised 40e50% of the dried sediment (see also Table 4).
SEM images conﬁrmed the presence of ﬁne crystallites (Fig. 5).
The high P removal efﬁciency in the AMAK process resulted
from the transformation of practically all calcium phosphates in the
treated manure into a hydroxyapatite phase that had very low
solubility in water and was practically insoluble in alkali. The
crystalline hydroxyapatite served as a ﬁltration aid that improved
the effectiveness of the ﬁltration process, and consequently, it
increased the ﬁltration rate of the treatedmanure slurry. The AMAK
treatment process simultaneously resulted in the coagulation of a
considerable amount of the organic phase, which contained micro
particles, and this phase was incorporated into the sediment
(Kowalski et al., 2012, 2014).
Fig. 4. Results from X-ray analysis of sediments obtained after ﬁltration of pig manure treated with the AMAK process. Samples contained (a) 4% and (b) 5% dry mass.
Fig. 5. SEM images of sediments obtained after ﬁltration of pig manure treated with
the AMAK process. Samples contained (a) 4% and (b) 5% dry mass. Scale bar: 100 mm.
Fig. 6. Flow sheet for optimal pig manure treatment and ﬁltration (AMAK process).
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(2e4 g L1), and P (0.5e2.5 g L1) contents, the AMAK process
maintained overall average pollutant removal performances of
approximately 95% for COD, up to 80% for TKN, and 96% for P. The
treated ﬁltrate could be used to irrigate crops, or it could be
further treated in conventional biological wastewater treatment
plants. The sediment, which contained high quantities of bio-
available calcium phosphates (Kowalski et al., 2013a, 2014),
could be used as a semi-product to obtain a mineral-organic
fertilizer that contained nitrogen, phosphorus, potassium, cal-
cium, and sulfur compounds and microelements (Hoffmann et al.,
2013).3.2. Principal procedure for optimal pig manure treatment (AMAK
process)
The principal ﬂow sheet (AMAK process) for the entire pig
manure treatment process is presented in Fig. 6. The procedural
steps were as follows:
1. Phosphoric acid and sulfuric acid were added to the raw pig
manure to obtain pH values of 5.5 and 3.0, respectively.
Table 6
The AMAK process compared to other pig manure treatment methods.
Concept Removal efﬁciency (%) Odor emission Investment costs Operational costs Useful value of utilized Scale tested
COD N P Sediment Filtrate
BIOSORTM 95a 84 87 Low High High Average High Full
BIOREK 99 99 99 0 Very high Very high High High Pilot
SELCO 84 58 89 Average Average Average Average Average Full
PIGMAN 96 88 81 0 High Average High High Lab
AMAK 95 80 96 0 Low Low High High Pilot
a BOD5.
A. Makara, Z. Kowalski / Journal of Environmental Management 161 (2015) 317e324 3232. The slurry was treated with a 10% solution of limemilk to obtain
a pH of ~10.5.
3. Superphosphate was then added in amounts that equaled up to
4% of the raw manure weight.
4. The mixture was alkalized a second time with 10% lime milk to
obtain a pH of 10.5.
5. The processed slurry was heated to 90 C and ﬁltered with a
pressure ﬁlter.
The resulting sediment could be used for production of mineral-
organic fertilizer. The ﬁltrate was recycled to prepare the lime milk
solution, and eventually, to dilute the raw pig manure. The ﬁnal
ﬁltrate could be used to irrigate crops or it could be treated in
conventional biological wastewater treatment plants. The emitted
vapors did not contain odors (Makara et al., 2015, Sowka et al.,
2013).
3.3. The AMAK process compared with other pig manure treatment
processes
To assess the potential value of the AMAK treatment and
ﬁltration process, we compared it with other methods for manure
treatment (Table 6). Other methods included the BIOSORTM-
Manure bioﬁltration process (Buelna et al., 2008), the BIOREK
membrane method (Du Preez et al., 2005), the SELCO-Ecopurin
separation method (Martinez-Almela and Barrera, 2005), and the
PIGMAN separation concept (Karakashev et al., 2008).
The comparison demonstrated that all ﬁve of the pig manure
treatmentmethods had high removal efﬁciencies for COD, TKN, and
P. Three of the methods essentially eliminated odor emissions from
the treated products, and four of the methods have been tested at a
pilot or ﬁeld-scale level. The largest problems for all ﬁve methods
were the high costs of investing in equipment and processing the
pig manure. Therefore, only the AMAK process was economically
promising. The operational costs of this process were calculated
based on the pilot test, performed at a capacity of 1 t/h of processed
manure. From this calculation, we could propose a sale price of
approximately 200 euro/t of obtained fertilizer (Kowalski et al.,
2013a). Currently, the estimated price of a comparable mineral
fertilizer on the Polish market is 200e250 euro/t.
The AMAK process is a complex, inexpensive treatment proce-
dure that represents a new solution for the treatment and sepa-
ration of pig manure. This process has two primary advantages: it
produces totally utilizable ﬁltrate and sediment and it eliminates
odor emissions from the ﬁltration products.
4. Conclusions
This study developed an innovative, complex pig manure
treatment and ﬁltration process. A primary feature of this elaborate
technology was the incorporation of a crystalline phase into the
solid organic phase of the manure, which resulted in a high ﬁltra-
tion rate and high separation efﬁciency. The ﬁnal scheme (theAMAK process) comprised the following successive steps: miner-
alization of the pig manure components with the use of phosphoric
acid, sulfuric acid, and superphosphate; alkalization with lime
milk; heat treatment; and ﬁnally, pressure ﬁltration. Our tests
identiﬁed the most advantageous technological parameters for all
process steps. This AMAK method exhibited removal efﬁciencies of
approximately 95%, 80%, and 96% for COD, TKN, and P, respectively.
In addition, it eliminated the intensity of the odor emanating from
the ﬁltrate and sediment. The obtained ﬁltrate can be used to irri-
gate crops or it can be further treated in conventional biological
wastewater treatment plants. The sediment, which contains high
quantities of bio-available calcium phosphates, can be used to
produce a mineral-organic fertilizer. The major problem for all pig
manure separation methods is the rather high cost of equipment
and processing. This problem was minimized with our proposed
inexpensive AMAK technology. The operational costs of this pro-
cess, based on the pilot test (at a capacity of 1 t/h of processed
manure), were sufﬁciently low to propose a sale price of approxi-
mately 200 euro/t of obtained fertilizer. A comparable mineral
fertilizer on the Polish market was estimated to be currently sold at
200e250 euro/t.
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